We have investigated regional shear-wave splitting beneath the Ryukyu arc in order to clarify the mantle flow beneath the Ryukyu arc and compare it with the extension of the Okinawa Trough. The splitting of regional shear waves (direct S) in the central and southern Ryukyu arc regions was analyzed in terms of fast-polarization direction and delay time using data from 11 short-period stations and two broadband seismic stations. The events occurred at depths ranging between 45 and 217 km, and the magnitude of the events ranged from 2.8 to 5.2. In general, the orientations of fast polarization were found to parallel to the strike of the Ryukyu Trench, with average delay times of 0.25-0.56 s. Specifically, the orientation of fast polarization was parallel to the direction of the extension in the south Ryukyu arc, suggesting that the direction of mantle flow is parallel to the extension in the south Okinawa Trough. However, the orientation of fast polarization was oblique to the direction of extension in the central Ryukyu arc, indicating that the mantle flow beneath the central Ryukyu arc is not parallel to the extension of the central Okinawa Trough. Based on these results, we suggest that the difference between the direction of the mantle flow and that of the lithosphere extension induces extensional strain with a simple shear component, which in turn causes oblique rifting in the central Okinawa Trough.
Introduction
The Okinawa Trough, which is in the rifting stage (Letouzey and Kimura, 1985; Sibuet et al., 1995 Sibuet et al., , 1998 , is a good test field for studying the deformation of arcs migrating away from the continent. The deformation in the Okinawa Trough and the Ryukyu arc is evident in the N-S extension and southward migration of the Okinawa Trough. The extension in the central and southern Ryukyu arc regions are in the SSE and south directions, respectively, based on global positioning system (GPS) measurements (Nakamura, 2004) . In contrast, the extensional axes of the focal mechanism solutions in the central and southern Okinawa Trough are oriented NNW-SSE and N-S, respectively (Fournier et al., 2001; Kubo and Fukuyama, 2003) .
Investigation of the mantle flow beneath the Okinawa Trough would shed light on the mechanism of extension of the trough. The observed S-wave splitting in the mantle wedge is induced by aligned olivine, and the polarization of fast S-waves is oriented in the direction of mantle flow (Zhang and Karato, 1995) . Fast polarizations parallel to the trench have been observed in Japan (Okada et al., 1995; Fouch and Fischer, 1996) , Kamchatka (Peyton et al., 2001 ), New Zealand (Marson-Pidgeon et al., 1999 Audoine et al., 2000) , and Tonga (Smith et al., 2001) . Analysis of S-wave splitting is expected to reveal whether the extension of the Okinawa Trough is coupled to the mantle flow beneath the Ryukyu arc and Okinawa Trough.
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Data and Analysis
The data used in this study were recorded at 11 shortperiod Japan Meteorological Agency (JMA) stations distributed along the Ryukyu Islands and two broadband seismometers at the National Research Institute for Earth Science and Disaster Prevention (NIED) (Fig. 1) . Data sampling rates were 100 samples/s for the JMA stations and 80 samples/s for the broadband stations. Events with shearwave incidence angles of less than 35
• and occurring between January 1, 1999 and August 31, 2002 for the JMA stations and January 1, 2001 and August 31, 2003 for the NIED data were analyzed. The events occurred at depths ranging between 45 and 217 km (Fig. 2) , although most events occurred at depths shallower than 100 km. The ray paths were distributed toward the trench side. The magnitude of events ranged from 2.8 to 5.2. A total of 135 and 306 traces were selected for analysis of the central and south Ryukyu arc regions, respectively.
We used a cross-correlation method to detect the splitting parameters (Ando et al., 1983) . The horizontal seismograms were first band-pass filtered between 0.5 and 4.0 Hz, and the two horizontal seismograms were then rotated in the horizontal plane at 1
• increments from 0
• to 179
• . The seismograms were then cross-correlated in the selected S-wave time window, with an increment time-shift of 0.01 s from 0 to 2 s. When the absolute value of the cross-correlation coefficient reached its maximum, the rotation direction was chosen for the fast-polarization direction, and the time lag was measured as the delay time of the slow shear wave (Fig. 3 ). Results were accepted only when the maximum cross-correlation coefficient was greater than 0.75.
The direction of the corrected particle motion was ex- (Seno et al., 1993) . Triangles denote seismic stations (as labeled). Solid lines indicate active faults around the Okinawa Trough (Kimura et al., 1999) .
pected to be parallel to the polarization radiated from the source. For the events whose Centroid Moment Tensor (CMT) solutions were determined, we compared the corrected particle motion with the computed one. We found that the direction of the corrected particle motion was parallel to the polarization computed using a CMT well solution (Fig. 3) . The observed delay times were typically found to be as large as 0.2 s, which cannot be explained by the phase shift at the Moho discontinuity or upper boundary of the subducting slab (Okada et al., 1995) . Thus, we concluded that the observed delay time and fast polarization were caused by shear-wave splitting.
Results
The splitting parameters are presented in Table 1 , and the fast-polarization results are shown in Fig. 4 .
The earthquakes at depths shallower than 70 km resulted in fast polarizations that varied among the stations. At stations IHEYA, AGUNI, and KGM, fast polarizations are aligned NE-SW. At stations KUMEJ and ZMM, fast polarizations are aligned NNE-SSW and ESE-WNW, respectively. At stations TARAMA, HATERU, ISHIG2, and YONAGU, fast polarizations are aligned E-W. The fast polarizations at IKEMA, MIYKJ2, and OKIGUS differ for the same events, with OKIGUS exhibiting a bimodal distribution of fast polarizations.
The earthquakes at depths of over 70 km resulted in fast polarizations parallel to the trench. The fast polarizations are aligned NE-SW at IHEYA, AGUNI, KUMEJ, and KGM, which is parallel to the strike of the trench, oblique to the extensional axis of the focal mechanism solution in the central Okinawa Trough, and perpendicular to the direction of Philippine Sea plate motion relative to the Eurasian plate (N55
• W at 128 • E) . The fast polarizations are aligned E-W at TARAMA and YONAGU, which is parallel to the strike of the trench, perpendicular to the extensional axis of the focal mechanism solution in the southern Okinawa Trough, and oblique to the direction of Philippine Sea plate motion relative to the Eurasian plate (N53
• W at 124 • E) . In contrast, the fast polarizations are aligned N-S at IRIOMH and ISHIG.
Discussion
The stations in the central Ryukyu arc (IKEMA, MIYKJ2, and OKIGUS) are distributed over an area of only a few tens of kilometers. However, the observed fast polarizations in these stations were found to differ for the same events, suggesting that the observed anisotropy is likely to have been influenced by shallow crustal anisotropic bodies near the stations. However, because few crustal events occur beneath the stations, the contribution of crustal anisotropic bodies at these shallow depths cannot be separated from the observed anisotropy.
For all of these stations where earthquakes have been observed to occur at depths of over 70 km, delay times showed slight increases with earthquake depth (Fig. 5) . The mid-points between the hypocenters and stations were distributed at depths of 50-100 km in the wedge mantle, which is above the subducting slab (Fig. 6) . Thus, the observed fast polarizations showed anisotropy at the wedge mantle beneath the forearc.
In general, the observed fast polarizations are oriented mainly parallel to the trench, which is consistent with the results obtained by F-net array in the Ryukyu arc (Long and van der Hilst, 2006) . Trench-parallel polarization at the forearc has been observed in northeastern Japan (Okada et al., 1995) , New Zealand (Marson-Pidgeon et al., 1999; Audoine et al., 2000) , and Tonga (Smith et al., 2001) . In these regions, the fast polarizations are oriented parallel to the dip direction of the slab at the backarc, while they are oriented perpendicular to the dip direction at the forearc. The observed fast polarization in the Ryukyu arc, which is The upper diagram is the particle motion for pairs of seismograms, and the bottom shows the particle motion for the corrected components after the splitting effect. (Right) CMT solution was provided by the National Research Institute for Earth Science and Disaster Prevention. Thick and thin lines show the observed and computed S-wave particle motion, respectively. The observed particle motion was corrected by removing the splitting effect. parallel to the trench, is consistent with the results in these regions. The central and south Ryukyu arc is moving south relative to the Eurasian plate, as measured by GPS (Fig. 6 ) (Nakamura, 2004) . The extensional directions estimated from the focal mechanism solution beneath the central and south Okinawa Trough are NNW-SSE and N-S, respectively (Fig. 6) (Fournier et al., 2001; Kubo and Fukuyama, 2003) , suggesting that the mantle flow beneath the south Okinawa Trough trends N-S. However, this is perpendicu- are adapted from Nakamura and Kaneshiro (2000) . Thick arrows indicate the extensional axes of focal mechanism solutions for shallow earthquakes in the Okinawa Trough (Fournier et al., 2001; Kubo and Fukuyama, 2003) . (Inset) Horizontal velocity of GPS stations relative to South China (Nakamura, 2004). lar to the fast polarization oriented E-W in the south Ryukyu arc. Such a condition is consistent with the model in which the direction of fast polarization is perpendicular to the flow in water-rich and high-strain-rate conditions (Jung and Karato, 2001) . Fast polarization parallel to the trench was found to be oblique to the extensional direction of the central Okinawa Trough in the central Ryukyu arc, suggesting that the mantle flow beneath the central Ryukyu arc would move obliquely toward the extension of the central Okinawa Trough. This oblique crustal movement against the mantle flow would induce shear strain in the pure extension in the central Okinawa Trough. The formation of the central Okinawa Trough involves a combination of extension and simple shear strain (Fournier et al., 2001) . Strikeslip and normal faulting events are dominant in the central Okinawa Trough, while normal-fault type events are dominant in the south Okinawa Trough (Fournier et al., 2001; Kubo and Fukuyama, 2003) . A shear component in the central Okinawa Trough would be induced by the oblique deformation between mantle flow and overlying lithospheric extension.
Conclusions
Analysis of S-wave splitting revealed upper-mantle anisotropy beneath the central and southern regions of the Ryukyu arc. The direction of fast S-waves in the central and southern Ryukyu arc regions is parallel to the strike of the Ryukyu Trench, demonstrating that the direction of mantle flow is parallel to the extension in the south Okinawa Trough. However, trench-parallel polarization is oblique to the extension of the central Okinawa Trough in the central Ryukyu arc, suggesting that the mantle flow beneath the central Ryukyu arc would not be coherent with the extension of the central Okinawa Trough. The difference between the direction of the mantle flow and that of lithosphere extension would induce extension strain with simple shear strain in the central Okinawa Trough.
